In this study, the tribological properties of ta-C DLC were largely influenced by the counter surfaces and additives. The DLC/DLC contact showed approximately 60% lower wear when tested with additivated oil compared to that of base oil and this result was 66% in steel/DLC contact. Friction coefficient in DLC/DLC contact was lower than in steel/DLC contact under both oils. But however, both contacts showed slightly higher friction coefficient under additivated oil compared to that of base oil. In steel/DLC, the thermo-chemical reaction between carbon and iron and/or the fusion of the transferred particles were prevented by additives which were present under base oil. The fracture found on DLC surface in steel/DLC contact under additivated oil indicates that the tribolayer formed on the steel surface would be of brittle nature. The passivation of surfaces in DLC/DLC contact by additives prevented the damage which was observed under base oil.
Introduction
The energy and material consumption is increasing all over the world due to the expansion of industrialisation (Research, 2016) and a big portion of that energy and material consumptions are due to friction and wear respectively. Many survey reports have mentioned that approximately one-third of the input energy in automobile engine are consumed just to overcome friction either in one form or another (Holmberg et al., 2012; Kato, 2011) . On the other hand, wear does not mean just the loss of small amount of material from the surface, rather, sometimes the whole system need to be replaced because of surface failure. Thus, the reduction of friction and wear as much as possible is important for almost all mechanical systems where the sliding contact is present. It is important to note that the friction and wear of a system are possible to reduce through controlling the temperature, applied load, lubricants, material properties, etc. (Menezes, and Kailas, 2008) .
Diamond like carbon (DLC) is a metastable form amorphous carbon which show promising tribological and mechanical properties such as low friction, high wear resistance, high hardness, low adhesion, etc. (Beake et al., 2015; Bewilogua and Hofmann, 2014; Chen et al., 2010; Gangatharan et al., 2016; Sung et al., 2009; Trava-Airoldi et al., 2007) . Due to the superior tribological and mechanical properties, the popularity of DLC coating has been noticeably increased in many industrial applications such as bearings, gears, piston rings and pins, cutting tools, hydraulic components (Erdemir, 2004; Haque et al., 2010; Kano, 2015; Michler and Siebert, 2003) . DLC films are well known for providing improved tribological properties in dry condition (Tasdemir et al., 2014; Sharma et al., 2012) , but in practice, there are many mechanical components which need to operate under lubricated condition, and thereby understanding of lubrication mechanism of DLC coating is so important which yet to be explored fully. The interaction of DLC films with base oils (BOs) and additives largely depend on DLC's intrinsic properties such as hydrogen content, doping element, SP2/SP3 bonding, etc. However, the 'inertness' properties of DLCs sometimes raises question whether they are capable to interact with oil and additive or just act as a 'passive member'. Therefore, more studies are required for the successful operation of DLC coating under the lubricated condition.
It is true that mineral-oil-based lubricants are still dominating the lubricant market but due to their harmful impact and resource limitation, they are not appreciable as the future lubricant. Therefore, peoples around the world are seeking new sources of lubricant which will fulfil both environmental and lubricity requirements. Because of biodegradability and resource renewability, the vegetable oils would be best choice as future lubricant. Some studies (Barriga et al., 2006; Duzcukoglu and Şahin, 2010; Kalin and Vižintin, 2006; Reeves et al., 2015) have reported that vegetable oils contain high fraction of un-saturated molecules and polar groups which mainly provide lower friction and lower wear. In particular, the motivation to work with vegetable oil in the DLC coated contact is its merit as boundary lubricants (Fox and Stachowiak, 2007) and the possibility of controlling oxidation as the DLC coatings are considered as chemically inert (Sasaki, 2010) . There are many types of vegetable oil but in this study, canola oil was chosen as the BO due to its high level of un-saturation and polarity, and the availability. Moreover, the BO alone cannot provide all the required properties, and however, some additives are available that can improve many properties of BO if added to it. Most of the available literatures focus the improvement of frictional behaviour of DLC coating using different oils and additives. This study mainly focused the wear behaviour of DLC coating and therefore, the BO was additivated with an anti-wear additive. Zinc dialkyldithiophosphates (ZDDP) was used as the anti-wear additives which are well known for the reduction of wear of steel surfaces where they form a pad-like zinc phosphate tribolayer (Bartolomé et al., 2016) . In this study, the ZDDP was chosen for the 'non-reactive' DLC surface. Hence, the objective of this study was the investigation of tribological properties of ta-C DLC film in DLC/DLC and steel/DLC contacts when lubricated with additivated and non-additivated BO. It is worth mentioning that steel/DLC contact is sometimes important due to geometrical constraints and economic consideration (Vercammen et al., 2004) .
Materials and experimental details

Materials and deposition of coatings
The substrate material for this study was AISI 440C steel ball of 12.7 mm diameter which is widely used in bearing and hydraulic components (Dalibon et al., 2013; Zeng et al., 2000) . The chemical compositions (% wt) of the steel ball were S-0.03, P-0.035, , and the balance was Fe. In this study, the BO (canola oil) was additivated with 1% of Zinc dialkyldithiophosphates (ZDDP) which is known as the anti-wear additive (Barnes et al., 2001 ). Canola oil is recommended as the hydraulic oil due to its higher longevity than most of other lubricants (even more than synthetic oil) (Mendoza et al., 2011; Petlyuk and Adams, 2004) . The physical properties of oils used in this study are given in Table 1 . In the current study, the steel ball was coated with the ta-C DLC film of ~1 μm thickness using Filtered Cathodic Vacuum Arc (FCVA) method from the 'My Tech Seimitsu Sdn. Bhd. (Malaysia)'. It is important to mention that the lack of sufficient adhesion between substrate and coating is the main cause of premature failure of PVD coatings (Xiao et al., 2014) . In this study, a chromium based interlayer was provided on the substrate surface prior to the deposition of ta-C DLC films in order to increase the coating-substrate adhesion. The measured physical properties of the AISI440C steel ball and the DLC film are given in Table 2 .
Tribological experiments
The tribology tests were carried out using a four ball tribo-machine modelled in accordance with the standard IP-239/85. A typical schematic diagram of the four ball tribo-machine is shown in Figure 1 . Prior to the start of experiment, all the key components (cup, clamp ring and holders) of four ball tribo-tester as well as the substrate specimens were rinsed in acetone for 10 minutes and then dried to remove the residual particles from the surface. In a four ball tribo-system, three balls were fixed in a lower stationary cup and the fourth ball was fixed in the upper rotating chuck. In case of DLC/DLC contacts, all four balls (lower stationary and the upper rotating) were the ta-C DLC coated, but in case of Steel/DLC contacts, only lower stationary balls were the ta-C DLC coated and the upper one was the uncoated steel ball. The test parameters used in this study are given in Table 3 . Each test was repeated three times to be confirmed that the data was correct. The lubricant was poured into the cup in such a way that ball to ball contact was immersed. The four ball tribo-meter was interfaced with a computer to record the friction torque (T). Later, friction torque was converted into the coefficient of friction (COF) using equation (1) (Fazal et al., 2013) . The wear scar diameter of the tested ball was measured by an optical microscope (OM) before removing from the cup and wear loss was calculated using equation (2). The tallian parameter 'lambda (λ)' was calculated to know the lubrication condition. In all cases, the lambda value was less than one (Table 3 ) and this means, the system was working under boundary condition (Kalin et al., 2009 ).
where T is the frictional torque (kg.mm), W is the applied load (kg) and r (3.67 mm) is the perpendicular distance between rotational axis and the centre of contact.
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where
R r − is the worn segment height in mm, R = ball radius in mm and r = wear scar radius in mm. Table 3 Parameters used in tribology tests and the lubrication condition After the tribology test, the worn surfaces were inspected using a field emission scanning electron microscopy (FESEM). The elemental investigations of the rubbed surfaces were performed with an electron dispersive X-ray (EDX). All of the FESEM and EDX investigations were done at 2,000x magnifications and 5 KV accelerating voltages. In this study, Raman analysis of DLC coating before and after tests were done to know whether there was any graphitisation or not, because graphitisation greatly influence the tribological properties. The Raman spectra were collected using the following input parameters: diode laser-514 nm, output power-10% in conjunction with 50x objective lens. The 10% output power was used following the suggestion of Vengudusamy et al. (2011) that this power range can give the peak from the outermost surfaces without the influence of substrate on the measurements. Prior to each characterisation, the samples were rinsed in acetone and dried to remove the dust particles and residual oil from the test surfaces. The surface roughness of as deposited DLC surface and rubbed DLC surfaces in all selected condition were measured using Mitutoyo Surftest SJ-201 profilometer to know more about the rubbed surface. 
Results
Friction results
Figure 2 presents the COF of DLC/DLC and steel/DLC contacts for BO and additivated BO (BO+AW) as a function of time and the average value of friction coefficient for both contacts under both oils are shown in Figure 3 as well. As seen in Figure 3 , the friction coefficient in both contacts was higher when lubricated with additivated oil compared to the BO lubricated case. For instance, the COF in DLC/DLC contact was 0.048 for BO and 0.058 for additivated oil and the corresponding COF in steel/DLC contact were 0.059 and 0.067 respectively. Initially the friction coefficients was low in both contacts under both oils, but after approximately 400 s, the friction coefficients in all cases were increased rapidly and became stable, see Figure 2 . The reason of this drastic increased of friction coefficient is illustrated in the discussion section. Moreover, it is worth mentioning that DLC/DLC contact showed lower friction coefficient than steel/DLC contact under both oils. Figure 4 shows the wear loss of ta-C DLC in DLC/DLC and Steel/DLC contacts for both BO and additivated BO (BO+AW). The wear loss in DLC/DLC contacts under BO and additivated BO was 6.02 × 10 -4 mm 3 and 2.36 × 10 -4 mm 3 respectively, and the corresponding wear loss in steel/DLC contacts was 9.81 × 10 -4 mm 3 and 3.27 × 10 -4 mm 3 respectively. It is clear from the above results that the wear in the DLC/DLC contacts was much lower than in steel/DLC contacts, irrespective of the oils. The steel/DLC contact exhibited approximately 63% higher wear than DLC/DLC contact when tested with BO. However, the wear in both contact reduced largely when tested with the additivated oil compared to the BO lubricated case, for instances, in DLC/DLC contacts the wear was about 60% lower and in steel/DLC contacts this result was about 66%. In case of Steel/DLC contact, the scar width of the counter steel surface was measured and it was 597.78 μm for BO and 453.08 μm for additivated oil. Therefore, it can be said that the AW additive played a greater role in reducing wear in both contact. The wear mechanism in both contacts against both oils will be given in the discussion section. 
Wear results
FESEM-EDX results
Figures 5 and 6 show the FESEM micrographs of the worn DLC surfaces in DLC/DLC and Steel/DLC contacts respectively for both BO and BO+AW additives. In DLC/DLC contacts, the ta-C DLC coated surfaces were not adequately protected when tested with BO and a sign of breaking of coating was observed [ Figure 5(a) ]. In addition, no major sign of adhesion and the formation of island were observed and the surface outside of broken part looks like shiny and smooth. In comparison with BO, the BO+AW additives largely prevented the mechanical damage and wearing-through of DLC coating in DLC/DLC contact [ Figure 5(b) ]. In addition, some pits were present on the rubbed DLC surface in DLC /DLC contacts when tested with the additivated BO, see Figure 5 (b). But however, no transverse scratches were present on the rubbed DLC surfaces in DLC/DLC contact under both lubricated case. In Steel/DLC contacts, the rubbed DLC surfaces were covered by many islands/flakes of adhered debris particles when tested with BO [see Figure 6 (a)]. The mutually transferred particles were fused together due to friction induced heating (known as welding) and formed the islands/flakes. Although DLC surfaces in steel/DLC contacts under BO showed highest wear (the highest irrespective of contacts and oils), surprisingly, no mechanical damage and transverse cracks on the worn surfaces were observed [see Figure 6 (a)]. But however, a sign of adhesion and the tribo-chemical reaction was found on the rubbed DLC surfaces in steel/DLC contact under BO. On the other hand, the feature of rubbed DLC surface in Steel/DLC contact was significantly changed when lubricated with additivated BO such as the presence of fractures, loose particles, cracks in the direction of motion and subsequent pitting, see Figure 6 (b). This result might be due the tribo-chemical interaction between additive and DLC, or due to the rubbing against tribofilm formed on the counter steel surface. In summary, it is clear that the additives had a qualitative effect on the DLC surface in both contact. The chemical constituents of the as-deposited DLC and rubbed DLC surface in both contacts under both oils determined with an EDX, which are presented in Table 4 . The test with BO caused less presence of carbon and high presence of oxygen, chromium and iron in both contacts and this result were vice versa under BO+AW oil, see Table 4 . Moreover, the additive decomposed elements (i.e., S, P and Zn) were observed in both contacts under additivated oils which was congruent with the results of some previous studies (Ng and Sinha, 2014; Okubo et al., 2016) . 
Raman analysis results
The high working temperature and/or friction induced heating can cause the structural change of DLC coatings which is also called graphitisation of DLC coating (Al Mahmud et al., 2014) . Raman spectroscopy was used in this study to observe the graphitisation of DLC coating. The as-deposited surface and rubbed DLC surfaces of both contacts (DLC/DLC and steel/DLC) for BO lubricated case were investigated. Raman spectrum of DLC coating show a peak around 1,360 cm -1 , known as D peak, due to the breathing mode of sp 2 atoms in rings only and a peak around 1,560 cm -1
, known as G peak, as a result of bond stretching of sp 2 atoms in both chains and rings (Ferrari, and Robertson, 2001) . The Raman spectrum between as-deposited surface and rubbed DLC surface for both contacts are compared within 1,000-2,000 cm -1 in Figure 7 . The graphitisation is generally confirmed from the increase in the peak ratio (Id/Ig) between as-deposited surface and rubbed surfaces. In this study, the change in the peak ratios (Id/Ig) in both contacts was small, see Figure 7 , which indicates the possibility of nano-scale graphitisation. It is important to note that the Raman analysis for the additivated BOs was not done following the observation of a previous study (Kalin et al., 2007 ) that anti-wear additive generally inhibits the graphitisation, and also the high friction under additivated BO indicates that if there was any graphitisation, the friction and wear result could be reverse of what was observed in this study.
Surface roughness
A comparison of surface roughness between unworn DLC surfaces and worn DLC surfaces in both DLC/DLC and Steel/DLC contacts for BO and BO+AW is shown in Figure 8 . The measured surface roughness in this study was as follows: unworn DLC surface -25 nm, worn surface in DLC/DLC contacts -55 nm for BO and 74 nm for BO+AW additive, and worn surface in Steel/DLC contacts-64 nm for BO and 82 nm for BO+AW additive. It is clear that the surface roughness was increased in both contacts under additivated BO compared to BO test condition, and it was higher in steel/DLC contacts than in DLC/DLC contacts. Our roughness results are congruent to the previous studies (Suarez et al., 2010; Taylor and Spikes, 2003; Tomala et al., 2009) where it is reported that the rubbing of DLC with the AW additive can increase the surface roughness. 
Discussion
This study investigated the influence of counter surfaces and additives on the tribological behavior of ta-C DLC coating. The DLC/DLC and steel/DLC contacts were tested in the presence of additivated and non-additivated oil. Figure 4 shows that the wear in DLC/DLC contact was lower than in steel/DLC contact under both oils. BO lubricated case showed very high wear of DLC surface in steel/DLC contact and it seems the several times harder ta-C DLC coating worn out very easily when rubbed against steel counter surface. In case of one side coated contact, the debris particles penetrate into the uncoated surface, later those particles begin to rub against the coated surfaces, and thereby accelerates the wear of coated surface (Erdemir, 2004) . Few studies (Narulkar et al., 2009); Shimada et al., 2004) have reported that the carbon show strong affinity for ferrous to form covalent bond. It is assumed in this study that due to the thermo-chemical interaction of DLC and steel surface, the carbon atoms from DLC surface diffused into the ferrous surface, and thereby accelerated the wear of DLC surface. The formation of islands/flakes was observed on the rubbed DLC surface in Steel/DLC contact, see Figure 6 (a). The friction induced heating could fuse the loose wear particles and lead the formation of those islands/flakes (Masjuki and Maleque, 1997; Mutyala et al., 2016) . Moreover, some islands were deformed plastically and the adhesive wear seems to be the leading wear mechanism in steel/DLC contacts when lubricated with BO, see Figure 6 (a). On the other hand, despite of the strong affinity of carbon for carbon atoms to form covalent bond, the ta-C DLC counterpart largely reduced the wear of ta-C DLC surface in BO compared to steel/DLC contact. This might be the result of graphitisation of DLC surfaces and the surface contamination by adsorbed oils which generally suppress the covalent bonding formation between carbon atoms of DLC/DLC contact (Tasdemir et al., 2013) . Moreover, the lower contribution of adhesion by the counter surface in DLC/DLC contact compared to steel/DLC contact might keep wear low in self-mated contact. It is worth mentioning that no major sign of adhesion was observed in DLC/DLC contact, see Figure 5 (a). In addition, there was no transverse scratch in DLC/DLC contact which might be due to the rubbing of two surfaces of equal and high hardness. The breaking of coating in self-mated contact under BO suggests that the high contact stresses were produced at some points and the smooth mirror like surface outside of broken part indicates the wear was the polishing mechanical types of wear, see Figure 5 (a).
The wear in both contacts (DLC/DLC and steel/DLC) was largely reduced when lubricated with the additivated BO, see Figure 4 . The wear reduction in steel/DLC contact under additivated oil can be explained from the conventional lubrication theory, but however, it is quite difficult to decide in the case of DLC/DLC contact since both of the contacting surfaces are chemically 'inert'. It is well known that ZDDP is more prone to form a thin tribo-layer on the steel surface than on DLC surface (Nicholls et al., 2005; Zhang and Spikes, 2016) . In this study, the large decrease of wear of DLC surface in steel/DLC contact was due to the ZDDP derived tribo-layer formed on the steel counterpart that kept apart the steel and DLC surface and prevented the iron-carbon thermo-chemical interaction. But the presence of fracture and pitting on the rubbed DLC surface of steel/DLC contacts indicates that the tribo-layer formed on the counter steel surface was of brittle nature, see Figure 6 (b). Moreover, some loose particles were found on the rubbed DLC surfaces, but however, no sign of smear of them was observed. The lowest wear was observed in DLC/DLC contact under additivated oil and this was due to the passivation of DLC surfaces by additives, and generation of repulsive interaction between interacting surfaces because of anti-bonding behaviour (Tasdemir et al., 2013) . No fracture or breaking of coating, or adhesive wear was observed on the rubbed surface.
The ZDDP decomposed elements penetrate into the asperities of the sliding surfaces in an irregular intervals and prevents the adhesive wear of DLC surface (Yong, 2014) .
The surface damage observed in both contacts under BO could be caused by the iron-oxide hard particles since the presence of iron and oxygen was very high when lubricated with BO (Okubo et al., 2016) . The surface damage and the presence of iron and oxygen were low under additivated BO compared to BO lubricated case. A previous study (Martin et al., 2012) observed in a molecular dynamics study that the anti-wear additives prevent the formation of iron-oxide abrasive particles and thereby reduce the surface damage. Moreover, the breaking of coating might have a relation with the wear behaviour since both of them were reduced under additivated oil. Similar observation was done by Kalin et al. (2004) that the coating spallation is related to the hardness and the tribological properties, rather than the coating-substrate adhesion. The role of additive in reducing wear can also be understood from the high presence of phosphorous comparative to other additive decomposed elements, because phosphorus is the wear protective (Okubo et al., 2016) .
DLC/DLC contact showed lower friction coefficient than the steel/DLC contact under both oils. In BO lubricated case, the cause of lower friction coefficient in DLC/DLC contact was the high amount of polar groups and un-saturated molecules of BO, because they are more effective in 'non-reactive' DLC/DLC contact than 'reactive' steel/DLC contact (Fox and Stachowiak, 2007; Kalin et al., 2006) . Moreover, the nano-scale graphitisation was observed in Raman analysis, which was a bit high in the DLC/DLC contact than the steel/DLC contact, see Figure 8 . And this increased graphitisation in DLC/DLC contact might cause friction coefficient lower than steel/DLC contact. Another cause of lower friction coefficient in DLC/DLC contact would be the greater contribution of hardness and adhesion compared to that in steel/DLC contact (Kalin and Vižintin, 2006) . Under additivated oil, the friction coefficient was increased slightly in both contacts compared to that of BO lubricated case. Kalin and Vižintin (2006) reported that the adsorbed oil and the molecules of additives sometimes can increase the shear strength of sliding surface which increases the friction of the tribosystem. Moreover, the roughness of rubbed surface was higher in both contacts under ZDDP-added oil as compared to the BO lubricated case, see Figure 8 , and this increased roughness was a cause of increased friction under ZDDP-added oil (Bec et al., 1999; Menezes and Kailas, 2008; Taylor et al., 2000) . Figure 2 shows that initially the friction coefficient was low and after approximately 400s, friction coefficient was increased suddenly irrespective of contacts and oils, and again became steady. It is reported in previous studies (Hwang et al., 1999; Zmitrowicz, 2006) that the formation, agglomeration of wear particles and detach from the sliding surface has direct effect on friction and wear of the contact. Authors of those paper have also stated that the friction coefficient was suddenly increased when wear particles were formed. After rapid increase, the steadiness of the friction coefficient was due to the continuous particle agglomeration and break off which does not have major effect on the friction coefficient (Hwang et al., 1999) . Moreover, the authors also claimed that if the number of newly formed particles is equal to the number of particles leaving the surface, the friction coefficient can be steady. In summary, taking the substantial decrease of wear into consideration, the slight increase of friction would be an acceptable 'compromise' for ta-C DLC coating under anti-wear additive.
Conclusions
This study deals with the experimental investigation of the tribological properties of ta-C DLC film in DLC/DLC and Steel/DLC contacts under boundary conditions when lubricated with additivated and non-additivated BO. The findings of this study are summarised below.
• The results show that both contacts possess a bit higher friction coefficient and better wear resistance under additivated oil compared to the BO lubricated case.
• The friction coefficient in DLC/DLC contact under BO was controlled by the nanoscale graphitisation and the BO's high amount of polar groups and un-saturated molecules. The friction coefficient in both contacts was increased when lubricated with additivated oil which may be due to the increased shear strength and increased surface roughness caused by additives.
• DLC/DLC contact showed approximately 60% lower wear when lubricated with additivated oil compared to that of BO and the result was approximately 66% in Steel/DLC contact. Wear reduction under additivated oils were done through the prevention of thermo-chemical interaction in Steel/DLC contact and the passivation in DLC/DLC contact. The phosphorous might have a role in reducing wear under additivated oil as well. Moreover, the surface was protected from being damaged in DLC/DLC contact when lubricated with additivated oil, but however, the fracture was present on the rubbed DLC surface in Steel/DLC contact which suggests that the tribolayer formed on the counter surface was of brittle nature.
